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Optically induced spin polarization of an electric current through a quantum dot
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We examine a feasibility of the spin polarization of the electron current through a semiconductor quantum
dot subject to a continuous circularly polarized optical irradiation resonant to the electron-heavy hole transi-
tion. Electrons having a certain spin polarization experience Rabi oscillation and their energy levels are shifted
by the Rabi frequency. Correspondingly, the equilibrium chemical potential of the leads and the lead-to-lead
bias voltage can be adjusted so only electrons with spin-up polarization or only electrons with spin-down
polarization contribute to the current. The temperature dependence of the spin polarization of the current is also
discussed.
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Recently, spin electronics, so-callegintronics has be- affected by the light, the conductance peak position remains
come a focal point of intense research intefsse, for ex- the same. Accordingly, for appropriate values of the Rabi
ample, Ref. 1 and references thejetlectronic devices em- frequency, the equilibrium chemical potential of the leads,
ploying the additional spin-degree of freedom, as well asand the lead-to-lead voltage bias, the spin polarization of the
purely spin-based devices, can increase the speed of perfaftectron current through the quantum dot can be achieved,
mance, consume less power, and provide novel modes @fnd, moreover, the direction of the polarization can be con-
operation in comparison with conventional counterpartsyrgjied by these parameters.

Creation, control, and transmission of spin polarization con- \ye examine a self-assembled InGaAs/GaAs semiconduc-
stitute the principal tasks of spintronics. To polarize electrhor quantum dot that is electrically coupled to two ledds

and nuclear spins, one can apply, for example, an externgyjjar structure was examined experimentally, for example,
magnetic field(or put spin particles in contact with ferro- in Ref. 7 and is subject to a continuous circularly polarized

magnetic materia)s-3 Other possibilities for the creation of light having frequency resonant to the electron-heavy hole

the spin polarization include optical orientation of electrontransition and negative helicity. In this case, photons create
spins by a circularly polarized lightand polarized spin in- S8 ; ’ :
P y yp g P P electron-hole pairs in the dot with electrons and holes having

jection from the ferromagnetic-normal semiconductor='=>" X L )
}unction? g definite spin projections, 1/2 and —-3/2, respectively. Elec-

In the present paper we propose to combine the opticdfOnS With.both ;pi.n projections can tqnnel from the leads to
spin polarization technique with electron transport througih€ dot with spin-independent tunneling rates, whereas the
semiconductor quantum dots to produce a spin polarizatioRole tunneling is assumed to be suppressed.
of the electron current. Electron spin polarization in the dot The Hamiltonian of the system has the form
can be achieved by the circular polarized light. In particular,
the photons with the positive helicity create heavy holes with, , _ + + + + _ + i+
spin 3/2 and electrons with spin —=1/2, whereas the photong| = E(aiay + a32) + E,d"d+ 2 EnCiy,Cako~ FD(a
having negative helicity create heavy holes with spin -3/2
and electrons with spin 1/2. For the self-assembled quantum +da) - > (Takc;k’(,a(,+ T;ka;cak,(,), (1)
dots (for example, InGaAs/GaAs the lattice mismatch ako
leads to the removal of the degeneracy between heavy and
light hole energy levels, and the electron-heavy hole pairsvith a=L, R and the spin indexr=1,2. Operatorsc, , are
can be created resonantly. This is an advantage over thelated to electrons in leads, wheregsa, describe an elec-
usual optically induced polarization because the efficiency ofron in the dot with spin projections *1/2 ag=a,,, and
polarization increases without the light holes involved. Un-a,=a_1;,. The holes have only one projection, so tlht
der resonant continuous optical irradiation, electron-hole=d_s,. The monochromatic electromagnetic field is given by
pairs (with certain electron spin projectiongxhibit Rabi  F(t)=Fe“o'+F"e“o!, The Coulomb interaction is taken into
oscillations®? and the energy level for the electrons havingaccount in the sense of the Coulomb blockade, so the total
this spin projection is shifted by@g, where()y is the Rabi  charge of particles in the dot cannot exceed one electron
frequency. We show that in this case the conductance peakharge. In this, the electron-hole pair may not have any
occur not when the chemical potential of the leads is in thecharge and the peculiarities associated with the different
resonance with the energy of the quantum dot lekglbut  space distribution of the electron and hole wave functions are
when it is in the resonance with the eneigyt Qg (A=1). neglected. From this Hamiltonian we derive the equations of
However, for electrons having the spin projection that is notmotion for the electron-hole amplitudes as

a,k,o
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ia; = Eay — F()d" = > TryCok1s 2 d)\? E
1=Ea —F() g:‘( ak-ak,1 (2a) {( dt) Qz A - I_E Tl dtlg;k(t,tl)e'Ec(t WA(ty)
8= Ec@y = > T yCak 2 (2b) == Id_tz T, &5ec (7)
a,k a,k
) The solution of this equation can be written as
id*=-E,d"-F(t)a,, (20
d M
and Ayt) =~ o f dt' Gl (t - t')Zk T €5 (), (8)
icak,o = Eakcak,o' - Takao" (Zd)

_ where the Fourier transform of the retarded Green function
Introducing new electron-hole variable&,=a,ef andD  Gj(t-t') is given by

=dd&!, we rewrite Eq.(2) as

1

L . Gl(w) = ,
|A1 - F(t)el(Ec+Ev>tD+ _ % TakeIECtCak,ll (33) 1 a)z _ Qé _ wza’k |Tak|zgzk(w + EC)

9

) _ with g, (w)=1/(w—E ) —iméw-E,). Broadenings of the
iA, = —E T;ke'Ectcak,z, (3b) electron level in the dot due to its connection to the leads is
described by the damping coefficientsI' (w)
=273 | Tio?8(w—Ey,), whereas the real part of the function

iD*=— F(H)eEElta, (30) g (w+E,) produces insignificant corrections to the Rabi fre-
’ quencyQg. With a notation for the average linewidth of the
and electron level,I'(w)=(1/2)[I' (w)+'r(w)], we obtain the
_ , expression for the Green functi®f (w) as
icak,o’ = EakCak,O' - Take_IECtAu" (3d)
1
For the resonant electromagnetic field with the frequency (o) = T o . (10
wo=E.+E,, the rotating wave approxmatlc(rRWA) can be ~Qptiol(e0+E)
applied and, accordingly,F(t)e/ &) =F", F(t)e(E+E)t The electron current through the quantum dot is given by
=F. Correspondingly, the equation for the amphthlehas
the form e
i lag= d—tg (ClorDCako(0) =12 Ta Hey A + Hec.
d 2 t
[( dt) |F| ]Al__|_2 Take “Cak,1s (4) (11

It should be noted that the total current has two components,
I, with spin projection +1/2 and, with spin projection
—-1/2. Substituting Eq(5) into Eq. (11), we obtain

where the amplitude of the electromagnetic fi¢fd, denotes
the Rabi frequencyQg=|F|. The response of the leads is
described by the relatién

. IET &N )AL
aka’(t) Cakg’(t) Takf dtlg;k(tltl)e_lEctle'(tl)1 (5)

where i [Tl f dt' [t t)] e 5 AL () AL (D)
k
Oha(tity) = —ie7Fka W p(t — 1) (6a) +H.c. (12)
and The first term in the right-hand side of El2) for the

_ spin-up polarized currerfz=1) can be evaluated as
(€ (1) "6 o (1) = o By Bal0 (6b)

iEct/(~(0) +
are the Green functions of electrons in the leatisrt;) is '2 Tar€™{(Cac) "Ar) + H.C.
the unit Heaviside function, and(E)={exd(E-w,)/T]
+1}71 is the Fermi distribution with temperature Here, _ fd_w _ reo_
w =p+eVi2 andur=pu-eV/2, whereu is the equilibrium 2 (0= EQIM[Gi(w — Eg)If o) o). (13
chemical potential of the leads and is the voltage bias
applied to the leads. It follows from Eq. (8) that the correlatofA;(t')*A,(t)) has

Substituting Eq(5) into Eq. (4), we obtain the form(a,B=L,R)
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(A A (D) = f g—ie—i“’“_t')wzlGi(w)lzz Iglw+E)fglw
B

+Eo), (14)

e’/h)

and, consequently, the second term of the right-hand side o
Eq. (12) for the spin-up polarized current can be written as

Conductance (

- |Tak|2J dt' [gh(t,t) e ETA (1) Ay (1)) + H.c.
k

dw
=J Z—(w— E)?Gi(w—EJPPX (@)l g(0)f 4(w). (15)
77 B

The total spin-up polarized currei}, ; is equal to the sum of
the terms, Eq9.13) and(15), and for the steady-state regime, (u-E)r
the current carrying the spin +1/2 has the form B

FIG. 1. Zero-temperature conductances for the electrons having

1=l different spin projections as a function of the equilibrium chemical
=-lr1 potential of the leads foflg=10I".
do (0~ E)YfL(w) — fr(w)]
:J -« — R ST (0)TR(). =1y
27 [(0- B - ORF + [(0 - EJT(w)] =2 (20
(16) 1712

The current with the spin polarization —1/@hich is not The lead-to-lead voltage dependencies of the total current
affected by the optical irradiatiorcan be determined using and the polarization coefficient are shown in Fig. 2 for
the same procedure as —-E.=5I', Qr=20I", and T=0.4d". It is evident from this
figure that there are several steps in the current-voltage char-
do [f(w)-fr(w)] acteristics. The first one occurs when the chemical potential
'2:f 27 (- EC)2+F2(w)FL(w)FR(w)' (17 of the right lead,ug=p—eV/2, passes through the electron
level with the energyE. and this level becomes conductive.
Components of a zero-temperature conductance of thghe electrons in this level have spin projection —=1/2 and the
system, G,,=(d/dV)(el, ), related to the different spin current is strongly polarized. The second step corresponds to
projections, exhibit the resonant behavior as functions of théhe voltage at which the chemical potential of the left lead,
equilibrium chemical potential of the leadg, (or the gate u =u+eV/2, passes through the electron level with the en-

voltage applied to the dpas ergy E.+Qg and electrons from this level having spin pro-
- jection +1/2 start to contribute to the current. Accordingly,
G+1,2:32 (u—E)T (19  current becomes only partially polarized. Finally, the third
h (1= E))? = Q&P + (u - E)T?’
b -10.2
@ 12 *]
G—1/2_ h (M_ EC)2+F2’ (19) N / - wm == == = 0.0
where we assume symmetric coupling to the leads With E o / 102 _§
=T r=T'r(@=pw). This resonant behavior is illustrated by E _ - / ]
Fig. 1 for the Rabi frequenc§)zg=10I". One can see from © s / {04 7§
this figure that the conductance peaks for the electrons havg§ | T=_°;é”1" S
ing spin projection 1/2affected by the optical irradiation ¥ ! n"; =1;r J.06
are shifted from the equilibrium resonant conditign=E_) 2 ! s
by £+Qg. Furthermore, it is evident that with variation such 1_' 1 0s
parameters as the equilibrium chemical potential of the leads ]
the Rabi frequency, and the lead-to-lead voltage bias, re: ] s
gimes with different spin polarization of the current through ~ ° e 80'1'0
the quantum dot can be achieved. eVIT

To describe the spin polarization of the current and its
dependence on the system parameters, we introduce the po-FIG. 2. The total current and the current polarization as func-
larization coefficient as tions of the applied lead-to-lead bias.
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1.0 spin polarization of the current vanishes. Moreover, at such
05 relatively high temperature other mechanisms of decoher-

: -E =20r ence (el_ectrqn—phonon interaction, in particuﬂacomt_e to

o 06 H-5 play a significant role; therefore, to preserve the spin polar-

g 04 - T u- Ec =0 ization, temperature should be kept low enough.

o . Finally, we consider the conditions necessary to observe

‘S’ 0-2‘_ the calculated effects in experiment. If we assume the lead-

= o004 dot coupling constant to bd'=20 ueV, then, Qr=20"

% 1 _ - - — =400 eV, which corresponds to the excitation density of

o 027 P 350 kW/cnt, and temperature used for Fig. 2 150.43

= -0.4 7 =100 mK.

J‘,‘ 1 / evV=T In conclusion, we have shown that the spin polarization of
'0-6'_ Q. =20r the electron current through the quantum dot can be achieved
084 / in a controllable way, if the dot is irradiated continuously by

. / the resonant circularly polarized light. In this case, electron-
1.0 T T T 11 hole pairs with electrons having certain spin polarization ex-

0 5 10 15 20 25 30 ; . o .
T perience Rabi oscillations and the energetic level of these

electrons is shifted by @g. With an appropriate choice of
the equilibrium chemical potential of the leads and the lead-
to-lead bias voltage, the current through the dot is spin po-
step occurs when the chemical potential of the right leadarized and the direction of this polarization can be manipu-
passes through the electron level with the endétgyQ)g and lated. We have also shown that at low temperature the degree
the spin polarization of the current is fully compensated.  of polarization can be very higtup to 100%. It should be

The temperature dependence of the polarization coeffiemphasized that the corresponding experimental studies can
cient is presented in Fig. 3 for small applied lead-to-lead biage carried out with existing technology.
and two values of the equilibrium chemical potential of the
leads associated with the resonances with electron levels The authors would like to thank A. O. Govorov for help-
having different spin polarization. One can see in this figureful discussions. A. Yu. S. is thankful to A. M. Zagoskin for a
that at temperatures comparable to the Rabi frequency, theitical reading of manuscript.

FIG. 3. Temperature dependence of the current polarization.
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